An iteration procedure that relates pressure and volume changes in the condensation of a gas by means of two independent relations of the volume and the effective pressure predicts abrupt volume transitions similar to those experimentally observed. Similar abrupt transitions are predicted for a molecular association in which the association free energy is dependent upon the extent of reaction. The pressure, or the concentration, at which the abrupt transition occurs depends upon the volumes or the extent of reaction, used to initiate the iteration procedure and selection of the transition that corresponds to the equilibrium requires additional condditions. For the gas condensation, assumption of the symmetry of the effects of the pressure fluctuations at equilibrium gives results that coincide with those obtained by application of the Maxwell rule. From these observations it is concluded that abrupt transitions arise naturally when independent conditions cannot be simultaneously satisfied.
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In the derivation of the van der Waals equation of state, the effective pressure to which the fluid is subjected, Peff, is the sum of two terms-the external pressure, Px, and the internal pressure, a/V2, that results from the molecular attraction: Peff = Px + (a/V2). [1] In Eq. 1 V is the volume occupied by the fluid and a is an empirical constant, derived from the van der Waals isotherm, with dimensions of atmosphere (atm)-liter2mol 2 (1 atm = 101.3 kPa). Moreover, the effective pressure is related to the free volume, V -b, by the equation Peff = RT/(V -b). [2] van der Waals substituted Peff in Eq. 2 by the value in Eq. 1 and obtained the justly famous isotherm, a relation between Px and V of the third power in V. As Eqs. 1 (Fig. 1) . Thus, the iteration reveals clearly a supposed, but never demonstrated, property of the isotherm: that it is the locus of all abrupt condensation paths at the different pressures. The choice of the actual equilibrium path from among those offered by the isotherm has been done by application of the independent, and sometimes questioned (1), Maxwell rule. The iteration method permits the selection of the equilibrium path by comparison among the abrupt transitions themselves. Let xg and xl designate the compressibilities of the-gas and liquid, respectively, at the volumes Vg and VI at which the abrupt transition between gas and liquid takes place; finite changes in pressure + dp about p* will result in changes in the volumes of liquid and gas dv1 and dvg and free energy changes respectively, proportional to (p* + dp)dvl/xl and (p* -dp)dvg/xg. [3] At equilibrium, when p* = Peq, dp corresponds to the spontaneous fluctuations of the pressure about the equilibrium value, and the two quantities above must be equal not only in the vanishingly small volume domains close to Vg and VI but also over a finite volume range. The effect of the pressure fluctuations is then described by the sign and magnitude of the quantity m defined as [4] where N is the number of equal intervals of pressure of magnitude dp. Evidently m = 0 when p* = Peq. In the Abbreviation: atm, atmosphere.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. computation of Eq. 4, xg and xx are obtained as the ratios dp/dv over the intervals ofpressure and volume closest to the point of abrupt transition. Thus, the condition m = 0 is a statement of the symmetry of the effects of small changes in pressure upon the volume of the gas and liquid at equilibrium, after a correction for the difference in compressibility is applied. numerical uncertainty may be expected to arise in the value of p* corresponding to m = 0, depending on the total pressure interval, Ndp, over which the sums of Eq. 4 are taken. However, numerical calculations indicate that this uncertainty is minimal: peq varies by a few hundredths of an atm when Ndp varies from 0.5 to 1.3 atm. The characteristic zero crossing of m as V1 and Ndp are varied is shown in Fig. 3 . Table 1 *With dp = 0.04 atm, N = 26.
in the range plo < Px < Phi and VI, < V < Vhi. Substitution of the independent conditions 1 and 2 by a unique relation results in a function that may be said, at best, to define a locus of abrupt transitions and, at worst, to disguise the absence of a unique solution over a specified interval. Perhaps the most interesting result of the application of the iteration procedure is the demonstration that abrupt transitions naturally arise when independent conditions, like conditions 1 and 2, cannot be simultaneously satisfied and that in these cases additional conditions are required to select the particular abrupt transition representative of the physical phenomena. The wider application of this concept may be shown by presenting the case that ultimately led me to apply the iteration procedure to the van der Waals equation.
Abrupt Transition in a Chemical Equilibrium. I considered originally the dissociation equilibrium of a dimer protein molecule, D, into the two monomers M. When the free energy of association is independent ofthe extent of reaction, we expect the resulting chemical equilibrium to be characterized by a unique dissociation constant [6] where [Ml and [DI are, respectively, the molar equilibrium concentrations of monomers and dimers, a is the degree of dissociation into monomers, and C is the total molar protein concentration as dimer. The dependence of a upon C may be gauged by means ofa plot ofa vs. log C, called a dilution curve. When K is independent of a, the span of concentrations between a = 0.1 and a = 0.9 is 2.86 log10 units, a shortened span indicating the dependence of K upon a. Presently there exist observations of decreased span of the dilution curve of a protein dimer that show the increase ofK with a (and thus a loss of free energy of monomer association) with increasing dissociation (2). Additionally, recent observations have demonstrated the reversible loss of free energy of association that takes place when proteins made up of two or more subunits are dissociated by application ofhigh hydrostatic pressure or by low temperature (3) (4) (5) . Perhaps the simplest formulation appropriate to these cases is the loss of free energy of association proportional to the degree of dissociation:
where K(0) corresponds to the dissociation constant at negligible dissociation (a --0) and dG is the loss in free energy of association when dissociation is virtually complete When the iteration method is used, we start with a value a, = ain in Eq. 6, solve for K1, and introduce this value in Eq. 7 to obtain K2, which in turn yields a2 = aout.... etc. This procedure was adopted because it was expected to offer a simulation of the process by which each increment in the dissociation of the protein entails a further loss of the free energy of dimer association. Abrupt transitions in the value of a, occurring at a concentration C*, replace the multiplevalued course characteristic of the close formulation of Eq. 8. The concentration C* separates the regions where dimers (C > C*) and monomers (C < C*), respectively, predominate. In analogy to the vapor condensation, the value of C* for the abrupt transition of the chemical equilibrium depends upon a,, the degree of dissociation chosen to start the iteration; over the interval between alo and ahi, a1 is a common point to the line of abrupt transition and the closed-form curve (Eq. 8). Choice among the different transition paths may be done by imposing the additional condition that the changes in free energy with concentration be equal as both ends of the abrupt transition are approached (Fig. 5) . temperature in the condensation equilibrium. Indeed, if we consider dG as given, there will be a critical temperature above which no abrupt transition in the chemical equilibrium will be observed.
In the experimental studies of dissociation of protein dimers so far published, the logarithmic span does not reach the narrow range expected for a critical transition, as it is still somewhat larger than 1 log1o unit in C (2, 6). However, the association of protein subunits into large specific aggregates (e.g., virus capsids, apoferritin) involves strongly cooperative processes, and the iteration procedure described above may find in these cases fruitful application. Additionally, there is the possibility that a change in the free energy of association with extent of reaction may exist in molecular adducts of much simpler structure than proteins. These simpler adducts may be expected to involve' small values of dG, but as the effects depend upon the ratio dG/RT and not on the absolute value ofdG, they may in principle be revealed if observations of the chemical equilibrium in solution can be carried out at a sufficiently low temperature.
